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The ATP-dependent phosphofructokinase (ATP-PFK) of Streptomyces coelicolor A3(2) was purified to homo-
geneity (1,600-fold) and characterized (110 kDa, with a single type of subunit of 40 kDa); it is allosterically
inhibited by phosphoenolpyruvate. Cloning of the pfk gene of S. coelicolor A3(2) and analysis of the deduced
amino acid sequence (343 amino acids; 36,667 Da) revealed high similarities to the PPi-PFK enzyme from
Amycolatopsis methanolica (tetramer, nonallosteric; 70%) and to the allosteric ATP-PFK enzymes from other
bacteria, e.g., Escherichia coli (tetramer; 37%) and Bacillus stearothermophilus (tetramer; 41%). Further struc-
tural and functional analysis of the two actinomycete PFK enzymes should elucidate the features of these
proteins that determine substrate specificity (ATP versus PPi) and allosteric (in)sensitivity.
In many organisms the glycolytic pathway is regulated at the
level of the irreversible enzyme ATP-dependent phosphofruc-
tokinase (ATP-PFK) (EC 2.7.1.11) (14, 42). The most com-
monly encountered bacterial ATP-PFK is a tetramer of 35-
kDa subunits, which is subject to allosteric inhibition by
phosphoenolpyruvate (PEP) and activation by ADP and GDP.
The ATP-PFKs from Eucarya and Bacteria show significant
amino acid sequence similarity (3, 14, 17, 26, 28). A second
type of ATP-PFK enzyme, found only in Escherichia coli, has a
dimeric structure and is nonallosteric (24, 42).
An alternative type of phosphofructokinase exists that is
dependent on inorganic pyrophosphate (PPi) and has a more
limited distribution (15, 29, 33). The PPi-PFK enzymes (EC
2.7.1.90) isolated from Bacteria are usually dimeric and are not
sensitive to regulation at the activity level (7, 29, 33). Full
alignment of the ATP- and PPi-PFK proteins reveals little
similarity (15, 20, 25, 34). Interestingly, the actinomycete Amy-
colatopsis methanolica employs a tetrameric PPi-PFK enzyme
with characteristics between those of the ATP-PFKs and the
PPi-PFKs (2, 3). Its nonallosteric properties raised questions
about the regulation of glucose metabolism in actinomycetes in
general. This PPi-PFK enzyme is also present in other actino-
mycetes, e.g., in members of the Pseudonocardiaceae (2) and
Actinoplanaceae (38) and Actinomyces naeslundii (40). A
search for PFK enzymes in other important genera of actino-
mycetes indicated the presence of an ATP-PFK in Streptomyces
coelicolor A3(2) (2), genetically the most studied actinomycete
with respect to antibiotic production and morphological differ-
entiation (22). Relatively little information is available about
primary metabolism and its regulation in this organism, which
is a model for an important group of industrial bacteria (4, 5).
Also, the molecular mechanisms of glucose repression of an-
tibiotic biosynthesis in actinomycetes remain to be elucidated.
Conceivably, characterization of regulatory steps in primary
metabolism in S. coelicolor A3(2) and other actinomycetes will
be important for further improvement of strains that overpro-
duce secondary metabolites. Here we report the characteriza-
tion of the ATP-PFK protein and the corresponding gene from
S. coelicolor A3(2).
MATERIALS AND METHODS
Bacterial strains and plasmids. Bacterial strains and plasmids used are listed
in Table 1.
Media and growth conditions. S. coelicolor A3(2) strains were grown under
standard conditions in YEME medium (19). E. coli strains were grown on
Luria-Bertani medium at 378C (37). When appropriate, 100 mg of ampicillin per
ml and 0.1 mM isopropyl-b-D-thiogalactoside (IPTG) were added. Agar (1.5%
[wt/vol]) was added for solid media.
Preparation of extracts and enzyme assay. Cells were washed in buffer con-
taining 50 mM TES [N-tris(hydroxymethyl)methyl-2-aminoethanesulfonic acid]
(pH 7.2), 5 mM MgCl2, 5 mM 2-mercaptoethanol, 50 mM (NH4)2SO4, and 0.1
mM phenylmethylsulfonyl fluoride (buffer A) and disrupted by passing three
times through a French pressure cell at 140 MPa. Unbroken cells and debris were
removed by centrifugation of the lysate at 40,000 3 g for 30 min, and the
supernatant used for the purification of the ATP-PFK. ATP-PFK (EC 2.7.1.11)
activity (1 U 5 1 mmol z min21 z mg of protein21) was assayed in a reaction
mixture with 50 mM Tris-HCl (pH 7.5), 5 mM MgCl2, 1 mM KCl, 3 mM NH4Cl,
5 mM dithiothreitol, 0.15 mM NADH, 10 mM fructose-6-phosphate (F-6-P), 0.9
U of fructose biphosphate aldolase, 5 U of triose phosphate isomerase, 0.85 U of
a-glycerol-3-phosphate dehydrogenase, and limiting amounts of extract. The
reaction was started by addition of 2.5 mM ATP. ATP solutions were adjusted to
assay pH values before use. To obtain expression of pfk, E. coli DF1020 cells
containing the appropriate plasmids were grown in Luria-Bertani medium at
378C. At an A660 of 0.5, IPTG (1 mM) was added to induce transcription from the
lac promoter, and growth was allowed to continue for 4 h. Cells were harvested
by centrifugation at 7,000 3 g for 15 min at 48C and resuspended in 50 mM
Tris-HCl (pH 7.5).
Purification of the ATP-PFK enzyme. All chromatographic steps were carried
out in a System Prep 10 liquid chromatography system (Pharmacia LKB Bio-
technology, Inc.) at room temperature. Fractions were immediately placed on
ice.
Step 1: extract preparation. Extracts were prepared (see above) from YEME-
grown cells (10 g [wet weight]) of S. coelicolor A3(2) strain MT 1109 harvested
at the end of exponential growth (A430 5 1.5).
Step 2: protamine sulfate precipitation. A freshly prepared 10% (wt/vol) stock
solution of protamine sulfate was added slowly with stirring to a final concen-
tration of 0.2%. The mixture was centrifuged (40,000 3 g for 15 min), and the
supernatant was retained.
Step 3: ammonium sulfate fractionation. The solution was slowly adjusted to
40% saturation with solid (NH4)2SO4 and centrifuged at 40,000 3 g for 15 min.
The supernatant was decanted, adjusted to 60% (NH4)2SO4 saturation, and
centrifuged again. The pellet was resuspended in a minimum volume of buffer A
and dialyzed overnight against buffer A at 48C.
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Step 4: anion-exchange chromatography. Protein from step 3 was applied to a
Q-Sepharose column (HR10/10) previously equilibrated with buffer A (flow rate,
4 ml z min21). Bound proteins were eluted with a linear gradient of 50 to 200
mM (NH4)2SO4 in buffer A. Fractions containing ATP-PFK activity were pooled
and adjusted to 40% (NH4)2SO4 saturation.
Step 5: hydrophobic interaction chromatography. Protein from step 4 was
applied to a phenyl Superose column (HR5/5) equilibrated with buffer A con-
taining 40% (NH4)2SO4 saturation (flow rate, 0.5 ml z min21). Bound proteins
were eluted with a decreasing linear gradient of 1.7 M to 50 mM (NH4)2SO4 in
buffer A. Fractions with ATP-PFK activity were pooled.
Step 6: gel filtration. Protein from step 5 was applied to a Superdex 200
column (XK 16/60) previously equilibrated with buffer A (flow rate, 1
ml z min21). Proteins were eluted with buffer A. Fractions containing ATP-PFK
activity were pooled.
Step 7: anion-exchange chromatography. Protein from step 6 was applied to a
Mono Q column equilibrated with buffer A (flow rate, 1 ml z min21). Bound
proteins were eluted with a linear gradient of 0 to 0.6 M NaCl in buffer A.
Fractions with ATP-PFK activity were pooled and diluted in an equal volume of
buffer A with 80% (NH4)2SO4 (1:1 dilution).
Step 8: hydrophobic interaction chromatography. Protein from step 7 was
applied to an alkyl Superose column (HR 5/5) previously equilibrated with buffer
A containing 1.7 M (NH4)2SO4 (flow rate, 0.5 ml z min21). Bound proteins were
eluted with a decreasing linear gradient of 1.7 M to 50 mM (NH4)2SO4. Fractions
with ATP-PFK activity were pooled; glycerol was added to a final concentration
of 40% (vol/vol) before storage at 2208C.
Kinetic studies. Kinetic parameters were determined at 308C and pH 7.5 and
were calculated with Sigma Plot for Windows 2.0 (Jandell Scientific Software) by
curve fitting with the Hill or Michaelis-Menten equation. Possible effectors of
ATP-PFK were added separately (pH adjusted, 1 mM final concentration) to the
assay mixtures with the purified enzyme, using near-Km concentrations of the
substrates F-6-P (1 mM) and ATP (0.5 mM).
Southern hybridizations. Chromosomal DNA from S. coelicolor A3(2), di-
gested with the appropriate enzymes, was subjected to electrophoresis on a 0.8%
(wt/vol) agarose gel and transferred to a nylon plus membrane (Qiagen, Basel,
Switzerland) after alkaline denaturation (37). The membrane was probed at 658C
with a 1.7-kb BamHI-EcoRV DNA fragment from pAA101 with the A. methan-
olica pfk (3) (Table 1). The DNA probe was made with the DIG DNA-labeling
kit of Boehringer (Mannheim, Germany). The membrane was subsequently
washed twice with 23 SSC (13 SSC is 0.15 M NaCl plus 0.015 M sodium citrate)
plus 0.1% (wt/vol) sodium dodecyl sulfate for 15 min and twice with 0.53 SSC
plus 0.1% (wt/vol) SDS for 5 min.
Nucleotide sequencing. A nested set of unidirectional deletions of pST401 was
constructed by using exonuclease III and mung bean nuclease, essentially as
described by Henikoff (18). Double-stranded DNA was sequenced either by
using the T7-Deaza kit (Pharmacia) according to the manufacturer’s recommen-
dations or by using the automated laser fluorescent DNA sequencer Vistra
System with the labeled primer cycle sequencing kit (Amersham). The nucleotide
sequence data were compiled and analyzed by programs supplied in the PC/Gene
software package (Intelligenetics, Mountain View, Calif.).
Tree construction. The PFK alignment was made with Clustal W (41). The
programs supplied in the PHYLIP 3.5c package were used to determine phylo-
genetic relationships (13); SEQBOOT was used to generate 100 data sets. Dis-
tance matrices were calculated with PROTDIS, using Dayhoff’s PAM 001 matrix
(12). A phylogenetic tree was subsequently constructed by the neighbor-joining
method (35) implemented in the NEIGHBOR program (100 trees). A consensus
tree was constructed with CONSENCE. Reliability of phylogenetic tree branches
was tested by bootstrapping (13) using SEQBOOT.
Analytical methods. Estimation of molecular mass and protein concentrations,
amino acid sequence analysis and alignments, and DNA manipulations were as
described previously (2, 3).
Nucleotide sequence accession number. The nucleotide sequence presented in
this paper was entered into GenBank under accession number U51728.
RESULTS
Purification of the ATP-PFK. ATP-PFK activity was readily
detected in extracts of S. coelicolor A3(2) strain MT 1109. Use
of a 50 mM TES (pH 7.2) buffer containing 5 mM MgCl2, 50
mM (NH4)2SO4 (or K2SO4 but not NH4Cl), 5 mM 2-mercap-
toethanol, and 0.1 mM phenylmethanesulfonyl fluoride (pro-
tease inhibitor) (buffer A) was essential for the retention of
ATP-PFK activity throughout its purification to homogeneity
(Table 2). Routinely, a 1,600-fold purification was achieved
with a final yield of 17%. Only a single ATP-PFK was present,
and no PPi-PFK could be detected.
Properties of the ATP-PFK. Gel filtration of the pure, active
enzyme revealed an Mr of 110,000 6 10,000. Sodium dodecyl
sulfate-polyacrylamide gel electrophoresis analysis and immu-
noblots with polyclonal antibodies raised against the ATP-PFK
protein PFKA of E. coli revealed a single band of 40,000 6
5,000 Da for the S. coelicolor A3(2) ATP-PFK (data not
shown). The enzyme displayed a broad temperature optimum,
with at least 90% of activity retained between 30 and 508C. The
pH optimum for activity was between 7.5 and 8.0. Storage of
purified enzyme at 2208C in buffer A with 40% glycerol did
not result in significant loss of activity over a period of 1 month.
The ATP-PFK showed absolute specificity for its substrates
ATP and F-6-P. Divalent cations were necessary for activity;
Mg21 (100%) could be replaced by other divalent ions, e.g.,
Mn21 or Zn21, with a remaining activity of 67 or 40%, respec-
tively. Addition of PEP (1 mM) reduced ATP-PFK activity to
33%. The steady-state PEP concentration in S. coelicolorA3(2)
is not known. In other bacteria physiologically relevant PEP
concentrations vary between 1 and 5 mM (31, 44).
Kinetics of the ATP-PFK. The ATP-PFK displayed Michaelis-
Menten kinetics with respect to both substrates, reaching a Vmax
value of 165 U z mg21 (Fig. 1). PEP strongly inhibited activity;
the data for PEP could be better fitted with the Hill equation,
giving Hill coefficients of 1.65 at 1 mM PEP (Fig. 1A) and 3.0
TABLE 1. Bacterial strains and plasmids used in this study
Strain or plasmid Relevant genotype or characteristicsa Source or reference
E. coli
DH5a supE44DlacU169 (f80lacZDM15) hsdR17 recA endA1 gyrA96 thi-1 relA1 Bethesda Research Laboratories
DF1020 pro-82 glnV44(AS) l2 DpfkB201 recA56 endA1 D(rhaD-pfkA)200 thi-1 hsdR17 E. coli Genetic Stock Center
S. coelicolor A3(2)
MT 1109 Prototrophic, SCP12, SCP22 Gift from C. Smith
M145 Prototrophic, SCP12, SCP22 19
Plasmids
6E10 Cosmid isolated from a library of S. coelicolor M145 DNA in E. coli cosmid
vector Supercos-1
Gift from M. Redenbach
pST101 Apr, 2.7-kb PvuII fragment in pBluescript KS1 with pfk in the same orientation
as the lac promoter
This study
pST401 Apr, 2.7-kb PvuII fragment in pBluescript KS1, with pfk in the opposite
orientation to the lac promoter
This study
pAA101 Apr, 2.3-kb PvuII fragment containing the pfp gene of A. methanolica 3
pBluescript KS1 Apr, phagemid derived from pUC18 lacZ Stratagene
a Apr, ampicillin resistant.
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at 2.5 mM PEP (data not shown). PEP increased the substrate
concentration at 0.5Vmax (S0.5) for F-6-P from 1.0 6 0.07 to
2.36 0.2 mM and decreased the Vmax from 115 to 50 U z mg
21
(Fig. 1A). The affinity for ATP was calculated by using differ-
ent F-6-P concentrations, giving a Km for ATP that varied from
1.3 6 0.13 to 0.4 6 0.02 mM (Fig. 1B).
N-terminal amino acid sequence of the ATP-PFK. Twenty-
nine of the first thirty-six N-terminal amino acids of the ATP-
PFK were identified. Amino acids at positions 1 to 19 (except
numbers 2, 3, 8, and 12) were assigned unambiguously. All
other amino acids were tentatively assigned or remained un-
identified (Fig. 2). The S. coelicolor A3(2) ATP-PFK N termi-
nus has 50% identity with the PPi-PFK from A. methanolica
(3). Both actinomycete species possess DNA with a high G1C
content and exhibit a marked bias in codon usage (46), pro-
viding an opportunity to use part of the gene encoding the
PPi-PFK protein as a probe for cloning of the S. coelicolor
A3(2) pfk.
Screening of the S. coelicolor A3(2) strain M145 cosmid
library. Southern analysis of total DNA of S. coelicolor A3(2)
strain MT 1109 using part of pAA101, which contains the pfp
gene of A. methanolica (Table 1), as a probe revealed a hy-
bridizing PvuII band of 2.7 kb. Two oligonucleotides designed
to correspond to the N-terminal part of the PPi-PFK of A.
methanolica (3) hybridized with the same band (data not
shown). We therefore concluded that the pAA101 probe spe-
cifically hybridized with the pfk of S. coelicolor A3(2). The
same hybridization conditions and the pAA101 probe were
used to screen the cosmid library of S. coelicolor A3(2) strain
M145 DNA (32). One strongly hybridizing clone was identi-
FIG. 1. (A) ATP-PFK activity versus concentration of F-6-P at different ATP
and PEP concentrations. F, 1 mM ATP; n, 0.5 mM ATP; , 0.5 mM ATP plus
1 mM PEP. (B) ATP-PFK activity versus ATP concentrations at 5 mM ({), 1
mM (), and 0.5 mM (h) F-6-P. All data were fitted to the Michaelis-Menten
equation with the exception of the data with PEP, for which the Hill equation was
used.
FIG. 2. Nucleotide sequence of part of the 2.7-kb PvuII fragment containing
S. coelicolor A3(2) pfk. A putative ribosome binding site preceding the pfk coding
region is underlined. The predicted amino acid sequence is shown beneath the
nucleotide sequence using the single-letter code. The N-terminal amino acid
sequence (36 residues) determined for the ATP-PFK from S. coelicolor A3(2) is
given in italics; lowercase characters indicate tentatively assigned amino acids. X,
unidentified residue.
TABLE 2. Purification of ATP-PFK from YEME-grown cells of S. coelicolor A3(2)
Step Amt of protein (mg) Total activity (U) Sp act (U z mg21) Purification (fold) Yield (%)
1. Crude extract 1,243 107 0.086 1 100
2. Protamine sulfate 1,265 104 0.086 1 100
3. (NH4)2SO4 fractionation 771 104 0.22 2.6 97
4. Q-Sepharose 106 72.4 0.683 7.9 68
5. Phenyl-Superose 8.8 78.4 8.91 103.6 73
6. Superdex 200 2.7 47 17.4 202.3 44
7. Mono Q 1.3 40 30.8 358 38
8. Alkyl-Superose 0.135 18.5 137 1,593 17
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fied, corresponding to the cosmid 6E10 (Table 1). Southern
analysis of a PvuII digest of cosmid 6E10 revealed a 2.7-kb
hybridizing fragment, which was subsequently cloned in pBlue-
script KS1 in both orientations, yielding pST101 and pST401
(Table 1).
Heterologous expression of the S. coelicolor A3(2) pfk in E.
coli DF1020. ATP-PFK activity was determined in extracts of
E. coli DF1020 transformed with pST101 and pST401, before
and after IPTG induction. This E. coli strain has a deletion in
both the pfkA and pfkB genes (22); ATP-PFK activity in ex-
tracts therefore provides direct evidence for the presence and
expression of the pfk of S. coelicolorA3(2). E. coliDF1020 cells
harboring pST101, which contains pfk in the same orientation
as the lac promoter, gave an ATP-PFK activity of 95
nmol z min21 z mg of protein21 after induction. E. coli cells
harboring pST401, which contains pfk in the opposite orienta-
tion, had an activity of less than 1 nmol z min21 z mg of pro-
tein21, as did cells harboring pBluescript KS1. These results
suggest that pfk is located entirely within the 2.7-kb PvuII
fragment and that its expression in E. coli is dependent on the
lac promoter. The kinetic properties of the ATP-PFK enzyme
expressed in E. coli matched those observed for the enzyme
purified from S. coelicolor A3(2).
DNA sequence of the S. coelicolor A3(2) pfk. The nucleotide
sequence of a 1.55-kb segment of the 2.7-kb PvuII fragment
was determined by double-strand sequencing. A single open
reading frame of 343 codons, starting with an ATG codon
preceded by a plausible ribosome binding site, was identified
(Fig. 2). The deduced N-terminal amino acid sequence corre-
sponds to the amino acid sequence determined experimentally
for the purified enzyme, except for Lys-2, Val-3, and Gly-8,
discrepancies that might reflect an observed high Arg back-
ground noise. The predicted molecular mass of ATP-PFK is
36,667 Da, which compares reasonably well with the estimated
subunit size of the purified protein (40,000 6 5,000 Da). The
G1C content of pfk (71%) is consistent with that of other
streptomycete genes. A search using BlastX (2) of the nonre-
dundant nucleotide database at the National Center for Bio-
technology Information Bethesda, Md., with the deduced
amino acid sequence of PFK revealed extensive similarities to
PFK proteins from various organisms.
Comparison of the S. coelicolor A3(2) ATP-PFK with other
PFKs. An alignment of the ATP-PFK sequences from S. coeli-
colorA3(2) and other bacteria was made (Fig. 3). The PPi-PFK
from A. methanolica was also included since, of the PPi-PFK
enzymes, it shows the highest percent similarity to the ATP-
PFKs (4). Interestingly, the ATP-PFK of S. coelicolor A3(2) is
most similar to the PPi-PFK from A. methanolica (70%) (Fig.
3). All other allosteric ATP-PFKs showed lower levels of sim-
ilarity (E. coli 37%, Bacillus stearothermophilus 41%, Thermus
aquaticus 44%) (Fig. 3).
Conservation of amino acid residues involved in substrate
binding. Of the 11 amino acid residues involved in binding of
F-6-P in the E. coli enzyme (39), 10 are conserved in S. coeli-
color A3(2) PFK (Fig. 3). The exception is Arg-155 in the E.
coli enzyme, which has been replaced by His-155 in the S.
coelicolor A3(2) PFK. Of the 10 residues implicated in ATP
binding in the E. coli enzyme (39), 2 are identical (Gly-12 and
Arg-73), 4 represent a conserved substitution (Tyr-42 to Trp-
41, Arg-78 to Lys-77, Asp-104 to Glu-103, and Ser-106 to
Thr-105), and the final 4 are clearly different, with changes
from Cys-74 to Thr-73, Gly-105 to Asp-104, Met-108 to Gly-
107, and Gly-109 to Val-108.
Glu-187 in the allosteric PFKs of E. coli, B. stearothermophi-
lus, and T. aquaticus is known to play an important role in the
inhibition of PFK by PEP and in activation by ADP or GDP
(6). A change to a neutral amino acid in the E. coli enzyme
results in loss of activation by ADP and GDP and in altered
binding of PEP. In the nonallosteric PFKs from Spiroplasma
citri, Lactobacillus delbrueckii, and Lactococcus lactis, Glu-187
is replaced by Asp-187. In the S. coelicolor A3(2) enzyme and
in the A. methanolica PPi-PFK, Glu-187 is replaced by Asn-
187, which may explain the insensitivity of these enzymes to
activation by ADP or GDP. However, the S. coelicolor A3(2)
enzyme is sensitive to inhibition by PEP, decreasing the affinity
of the enzyme for the substrate F-6-P. In contrast, the A.
methanolica PPi-PFK is insensitive to each of these compounds
(Fig. 3).
Phylogenetic relationships of PFKs. Previous studies of the
PPi-PFK of A. methanolica (3) suggested that ATP-PFKs and
FIG. 3. Amino acid sequence alignments of the ATP-PFKs from S. coelicolor
A3(2), Bacillus macquarensis (National Centre for Biotechnology Information
accession number 433982), B. stearothermophilus (36), L. lactis (27), L. del-
brueckii (8), T. aquaticus (47), S. citri (10), and E. coli (30) and the PPi-PFK from
A. methanolica (3). A, F, and E refer to residues implicated in binding ATP,
F-6-P, and PEP, respectively, for the E. coli ATP-PFK. Alignment of the PFKs
was made by using Clustal W (41). The percent similarity between the PFK from
S. coelicolor A3(2) and each of the other PFKs is indicated in parentheses. p,
identical residues; ., similar residues according to the following groupings: RK,
NQ, DE, PAGST, VILM, FYW, H, and C.
VOL. 63, 1997 ATP-DEPENDENT PHOSPHOFRUCTOKINASE IN S. COELICOLOR 959
PPi-PFKs constitute two different groups in the PFK family.
The high overall similarity between the S. coelicolor A3(2)
ATP-PFK, the A. methanolica PPi-PFK, and other ATP-PFKs
suggests that these proteins originated from a common ances-
tor. To test this hypothesis, a phylogenetic tree of PFKs was
constructed with those parts of the full-length protein se-
quences that include the amino acid regions known to partic-
ipate in substrate binding (3). The consensus tree (Fig. 4)
shows that the PFKs from S. coelicolor A3(2) and A. methan-
olica form a separate cluster. This result is supported by the
bootstrap values of 100%.
DISCUSSION
In this paper we report the first purification and character-
ization of an ATP-dependent PFK enzyme from an actinomy-
cete, S. coelicolor A3(2) strain MT 1109. The data provide
evidence that the glycolytic pathway of S. coelicolor A3(2) is
regulated at the activity level. However, the in vivo importance
of PFK in the overall control of carbon flux through the gly-
colytic pathway remains to be determined.
The S. coelicolor A3(2) ATP-PFK is most similar (70%) to
the PPi-PFK from another actinomycete, A. methanolica, al-
though the two enzymes differ strongly in regulatory properties
(2; this study). Residues involved in binding F-6-P in the E. coli
and B. stearothermophilus ATP-PFKs are highly conserved in
the S. coelicolor A3(2) enzyme. The degree of similarity be-
tween the E. coli and S. coelicolor A3(2) enzymes is lower in
the ATP binding site. Interestingly, the same differences are
observed in both the ATP-PFK of S. coelicolor A3(2) and the
PPi-PFK of A. methanolica (Fig. 3). It thus remains unclear
what determines ATP and PPi specificity in these actinomycete
enzymes. Also, the structural features of the S. coelicolor A3(2)
ATP-PFK and the A. methanolica PPi-PFK that determine
allosteric insensitivity remain to be elucidated.
It has been suggested that PPi-PFKs evolved many times
from ATP-PFKs (14). Our previous work on the phylogeny of
the PPi-PFK from A. methanolica showed clearly that this was
not the case (3). PPi-PFK enzymes apparently form a mono-
phyletic group, and both ATP- and PPi-dependent PFK en-
zymes probably evolved from a common ancestor. As de-
scribed in this paper, the PFK enzymes from S. coelicolorA3(2)
and A. methanolica form a separate cluster. Further work on
the phylogenetic position of PPi- and ATP-dependent PFK
enzymes from other actinomycetes should clarify this interest-
ing evolutionary question.
ACKNOWLEDGMENTS
A.M.C.R.A. was supported by JNICT (Portugal grant BD-808-IF-
90).
We thank Colin Smith (UMIST, Manchester, United Kingdom) for
providing S. coelicolor A3(2) strain MT 1109 and M. Redenbach for
the use of the cosmid library of S. coelicolorA3(2) strain M145. Thanks
are due to J. R. Garel, CNRS, Gif-sur-Yvette, France, for the gift of
polyclonal antibodies raised against E. coli ATP-PFK A. We thank A.
Boorsma for technical assistance and Daniel Rigden for stimulating
discussions.
REFERENCES
1. Altschul, S. F., W. Gish, W. Miller, E. W. Myers, and D. J. Lipman. 1990.
Basic local alignment search tool. J. Mol. Biol. 215:403–410.
2. Alves, A. M. C. R., G. J. W. Euverink, H. J. Hektor, G. I. Hessels, J. van der
Vlag, J. W. Vrijbloed, D. H. A. Hondmann, J. Visser, and L. Dijkhuizen.
1994. Enzymes of glucose and methanol metabolism in the actinomycete
Amycolatopsis methanolica. J. Bacteriol. 176:6827–6835.
3. Alves, A. M. C. R., W. G. Meijer, J. W. Vrijbloed, and L. Dijkhuizen. 1996.
Characterization and phylogeny of the pfp gene of Amycolatopsis methan-
olica encoding PPi-dependent phosphofructokinase. J. Bacteriol. 178:149–
155.
4. Angell, S., C. G. Lewis, M. J. Buttner, and M. J. Bibb. 1994. Glucose
repression in Streptomyces coelicolor A3(2): a likely regulatory role for glu-
cose kinase. Mol. Gen. Genet. 244:135–143.
5. Angell, S., E. Schwarz, and M. J. Bibb. 1992. The glucose kinase gene of
Streptomyces coelicolor A3(2): its nucleotide sequence, transcriptional anal-
FIG. 4. Phylogenetic tree of PFKs. The tree is based on a distance analysis of the PFK segments involved in binding of ATP and F-6-P from S. coelicolor A3(2)
(residues 1 to 284), B. stearothermophilus (residues 1 to 261) (36), L. lactis (residues 1 to 262) (27), Saccharomyces cerevisiae b subunit (residues 195 to 493),
Saccharomyces cerevisiae a subunit (residues 204 to 500) (16), rabbit muscle (residues 14 to 310) (26), human muscle (residues 14 to 310) (28), Haemonchus contortus
(residues 30 to 325) (23), Drosophila melanogaster (residues 16 to 313) (11), A. methanolica (residues 1 to 283) (3), Entamoeba histolytica (residues 34 to 298) (20),
Giardia lamblia (residues 66 to 351) (34), potato a subunit (residues 85 to 369), potato b subunit (residues 39 to 322) (9), Naegleria fowleri (residues 16 to 287) (45),
and Propionibacterium freudenreichii (residues 1 to 288) (25). A bootstrap value is indicated at each internal node (in percent) and is based on 100 data sets.
960 ALVES ET AL. APPL. ENVIRON. MICROBIOL.
ysis and role in glucose repression. Mol. Microbiol. 6:2833–2844.
6. Auzat, I., G. le Bras, P. Branny, F. De la Torre, B. Theunissen, and J.-R.
Garel. 1994. The role of Glu187 in the regulation of phosphofructokinase by
phosphoenolpyruvate. J. Mol. Biol. 235:68–72.
7. Beschastny, A. P., A. P. Sokolov, V. N. Khmelenina, and Y. A. Trotsenko.
1993. Purification and properties of pyrophosphate-dependent phosphofruc-
tokinase from the obligate methanotrophic bacterium Methylomonas meth-
anica. Biochemistry 57:835–840.
8. Branny, P., F. De la Torre, and J.-R. Garel. 1993. Cloning, sequencing, and
expression in Escherichia coli of the gene coding for phosphofructokinase in
Lactobacillus bulgaricus. J. Bacteriol. 175:5344–5349.
9. Carlisle, S. M., S. D. Blakeley, S. M. Hemmingsen, S. J. Trevanion, T.
Hiyoshi, N. J. Kruger, and D. T. Dennis. 1990. Pyrophosphate-dependent
phosphofructokinase. Conservation of protein sequence between the a- and
b-subunits and with the ATP-dependent phosphofructokinase. J. Biol.
Chem. 265:18366–18371.
10. Chevalier, C., C. Saillard, and J. M. Bove´. 1990. Organization and nucleotide
sequences of the Spiroplasma citri genes for ribosomal protein S2, elongation
factor Ts, spiralin, phosphofructokinase, pyruvate kinase, and an unidenti-
fied protein. J. Bacteriol. 172:2693–2703.
11. Currie, P. D., and D. T. Sullivan. 1994. Structure and expression of the gene
encoding phosphofructokinase (PFK) in Drosophila melanogaster. J. Biol.
Chem. 269:24679–24687.
12. Dayhoff, M. O., R. M. Schwartz, and B. C. Orcutt. 1978. A model for
evolutionary change in proteins, p. 345–352. In M. O. Dayoff (ed.), Atlas of
protein sequence and structure. National Biomedical Research Foundation,
Washington, D.C.
13. Felsenstein, J. 1985. Confidence limits of phylogenies: an approach using the
bootstrap. Evolution 39:783–791.
14. Fothergill-Gilmore, L. A., and P. A. M. Michels. 1993. Evolution of glycol-
ysis. Prog. Biophys. Mol. Biol. 59:105–235.
15. Green, P. C., S. P. Latshaw, U. S. Ladror, and R. G. Kemp. 1992. Identifi-
cation of critical lysil residues in the pyrophosphate-dependent phospho-
fructo-1-kinase of Propionibacterium freudenreichii. Biochemistry 31:4815–
4821.
16. Heinisch, J. 1986. Isolation and characterization of the two structural genes
coding for phosphofructokinase in yeast. Mol. Gen. Genet. 202:75–82.
17. Hellinga, H. W., and P. R. Evans. 1985. Nucleotide sequence and high level
expression of the major Escherichia coli phosphofructokinase. Eur. J. Bio-
chem. 149:363–373.
18. Henikoff, S. 1984. Unidirectional digestion with exonuclease III creates tar-
geted breakpoints for DNA sequencing. Gene 28:351–359.
19. Hopwood, D. A., M. J. Bibb, K. E. Chater, T. Kieser, C. J. Bruton, H. M.
Kieser, D. J. Lydiate, C. P. Smith, J. M. Ward, and H. Schrempf. 1985.
Genetic manipulation of Streptomyces: a laboratory manual. The John Innes
Foundation, Norwich, United Kingdom.
20. Huang, M., R. A. Albach, K. P. Chang, R. L. Tripathi, and R. G. Kemp. 1995.
Cloning and sequencing a putative pyrophosphate-dependent phosphofruc-
tokinase gene from Entamoeba histolytica. Biochim. Biophys. Acta 1260:215–
217.
21. Kemp, R. G., and R. L. Tripathi. 1993. Pyrophosphate-dependent phospho-
fructo-1-kinase complements fructose 1,6-bisphosphatase but not phospho-
fructokinase deficiency in Escherichia coli. J. Bacteriol. 175:5723–5724.
22. Kieser, T., and D. A. Hopwood. 1991. Genetic manipulation of Streptomyces:
integrating vectors and gene replacement. Methods Enzymol. 240:430–459.
23. Kleig, R. D., E. R. Olson, M. A. Favreau, C. A. Winterrowd, N. T. Hatzen-
buhler, M. H. Shea, S. C. Nulf, and T. G. Geary. 1991. Cloning of a cDNA
encoding phosphofructokinase from Haemonchus contortus. Mol. Biochem.
Parasitol. 48:17–26.
24. Kotzlar, D., and H. Buc. 1977. Two Escherichia coli fructose-6-phosphate
kinases. Preparative purification, oligomeric structure and immunological
studies. Biochim. Biomed. Acta 484:35–48.
25. Ladror, U. S., L. Gollapudi, R. L. Tripathi, S. P. Latshaw, and R. G. Kemp.
1991. Cloning, sequencing and expression of pyrophosphate-dependent
phosphofructokinase from Propionibacterium freudenreichii. J. Biol. Chem.
266:16550–16555.
26. Lee, C. P., M. C. Kao, B. A. French, S. D. Putney, and S. H. Chang. 1987. The
rabbit muscle phosphofructokinase gene. Implications for protein structure,
function and tissue specificity. J. Biol. Chem. 262:4195–4199.
27. Llanos, R. M., C. J. Harris, A. J. Hillier, and B. E. Davidson. 1993. Identi-
fication of a novel operon in Lactococcus lactis encoding three enzymes for
lactic acid synthesis: phosphofructokinase, pyruvate kinase and lactate de-
hydrogenase. J. Bacteriol. 175:2541–2551.
28. Nakajima, H., T. Noguchi, N. Kono, T. Tanaka, and S. Tarui. 1987. Cloning
of human muscle phosphofructokinase cDNA. FEBS Lett. 223:113–116.
29. O’Brien, W. E., S. Bowien, and H. G. Wood. 1975. Isolation and character-
ization of a pyrophosphate-dependent phosphofructokinase from Propi-
onibacterium shermanii. J. Biol. Chem. 250:8690–8695.
30. Plinkett, G., V. D. Burland, D. L. Daniels, and F. R. Blattner. 1993. Analysis
of the Escherichia coli genome. III. DNA sequence of the region from 87.2
to 89.2 minutes. Nucleic Acids Res. 21:3391–3398.
31. Poolman, B., E. J. Smid, H. Veldkamp, and W. N. Konings. 1987. Bioener-
getic consequences of lactose starvation for continuously cultured Strepto-
coccus cremoris. J. Bacteriol. 169:1460–1468.
32. Redenbach, M., H. M. Kieser, D. Denapaite, A. Eichner, J. Cullum, H.
Kinashi, and D. A. Hopwood. 1996. A set of ordered cosmids and a detailed
genetic and physical map for the 8 Mb Streptomyces coelicolor A3(2) chro-
mosome. Mol. Microbiol. 21:77–96.
33. Reeves, R. E., D. J. South, H. J. Blytt, and L. G. Warren. 1974. Pyrophos-
phate: D-fructose 6-phosphate 1-phosphotransferase. A new enzyme with the
glycolytic function 6-phosphate 1-phosphotransferase. J. Biol. Chem. 249:
7737–7741.
34. Rozario, C., M. W. Smith, and M. Mu¨ller. 1995. Primary sequence of a
putative pyrophosphate-linked phosphofructokinase gene ofGiardia lamblia.
Biochim. Biophys. Acta 1260:218–222.
35. Saitou, N., and M. Nei. 1987. The neighbor-joining method: a new method
for reconstructing phylogenetic trees. Mol. Biol. Evol. 4:406–425.
36. Sakai, H., and T. Ohta. 1993. Molecular cloning and nucleotide sequence of
the gene for pyruvate kinase of Bacillus stearothermophilus and the produc-
tion of the enzyme in Escherichia coli: evidence that the genes for phospho-
fructokinase and pyruvate kinase constitute an operon. Eur. J. Biochem.
211:851–859.
37. Sambrook, J., E. F. Fritsch, and T. Maniatis. 1989. Molecular cloning: a
laboratory manual, 2nd ed. Cold Spring Harbor Laboratory, Cold Spring
Harbor, N.Y.
38. Seiler, U., H. Pape, and W. Schro¨der. 1996. A pyrophosphate-dependent
phosphofructokinase (PFK) from Actinoplanes spec., abstr. 119. In Abstracts
of the VAAM meeting, Bayreuth, Germany.
39. Shirakihara, Y., and P. R. Evans. 1988. Crystal structure of the complex of
phosphofructokinase from Escherichia coli with its reaction products. J. Mol.
Biol. 204:973–994.
40. Takahashi, N., S. Kalfas, and T. Yamada. 1995. Phosphorylating enzymes
involved in glucose fermentation of Actinomyces naeslundii. J. Bacteriol.
177:5806–5811.
41. Thompson, J. D., D. G. Higgins, and T. J. Gibson. 1994. CLUSTAL W:
improving the sensitivity of progressive multiple sequence alignment through
sequence weighting, position-gap penalties and weight matrix choice. Nucleic
Acids Res. 22:4673–4680.
42. Uyeda, K. 1979. Phosphofructokinase. Adv. Enzymol. 48:193–244.
43. Valdez, B. C., S. H. Chang, and E. S. Younathan. 1988. Site-directed mu-
tagenesis at the regulatory site of fructose 6-phosphate-1-kinase from Bacil-
lus stearothermophilus. Biochem. Biophys. Res. Commun. 156:537–542.
44. van Alebeek, G. J. W. M., J. T. Keltjens, and C. van der Drift. 1994.
Purification and characterization of inorganic pyrophosphatase from Meth-
anobacterium thermoautotrophicum (strain DH). Biochim. Biophys. Acta
1206:231–239.
45. Wessberg, K. L., S. Skolnick, J. Xu, C. F. Marciano, and R. G. Kemp. 1995.
Cloning, sequencing and expression of the pyrophosphate-dependent phos-
phofructo-1-kinase from Naegleria fowleri. Biochem. J. 307:143–149.
46. Wright, F., and M. J. Bibb. 1992. Codon usage in the G1C rich Streptomyces
genome. Gene 113:55–65.
47. Xu, J., M. Seki, K. Denda, and M. Yoshida. 1991. Molecular cloning of
phosphofructokinase-1 gene from a thermophilic bacterium Thermus ther-
mophilus. Biochem. Biophys. Res. Commun. 176:1313–1318.
VOL. 63, 1997 ATP-DEPENDENT PHOSPHOFRUCTOKINASE IN S. COELICOLOR 961
